Based on a model of transverse chromatic aberration (TCA) of the eye and perceptual effects previously discussed by the same author, it was predicted that colour induced binocular depth perception (chromostereopsis) is possible from images containing red or blue along with achromatic information (grey and black); that the direction of the perceived depth from certain colours should differ for the same TCA conditions; and that a greater depth perception should be possible in a blue/achromatic image than a red]achromatic image. Results of TCA manipulations support all three predictions and demonstrate that colour induced depth effects can be perceived in images having only achromatic information and a single non-achromatic colour. It is argued that optical factors, image characteristics and perceptual factors all play an important role in colour depth effects under natural viewing conditions. Further, the possibility is raised that colour and texture patterns which produce colour depth effects have evolved within certain species for camouflage or other behavioural purposes.
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Stereoscopic depth perception obtained from twodimensional red and blue or red and green images (chromostereopsis) has been observed for many years and is believed to be caused primarily by optical chromatic aberrations (Sundet, 1978) . Chromatic aberrations are the consequence of the refracting properties of the eye causing either the light rays of shorter wavelengths, such as blue, to converge before longer wavelength colours [longitudinal chromatic aberration (LCA)] or the different colours are displaced in non-corresponding retinal positions of each eye during binocular viewing [interocular difference in transverse chromatic aberration (TCA)]. However, it is this interocular difference in TCA which is generally attributed as the optical aberration responsible for chromostereopsis (Faubert, 1994; Simonet & Campbell, 1990; Ye, Bradley, Thibos & Zhang, 1991) . With the exception of some early studies (Hartridge, 1947; Kishto, 1965; Verhoeff, 1928) where experimental conditions are often vaguely defined, very little work has concentrated on the role of achromatic information in chromostereopsis. However, a recent study has examined how the use of a white vs a black surround can create depth reversals in images which also contained both blue and orange information (Dengler & Nitschke, 1993 depth relations between the blue and orange targets in the image had a tendency to reverse when the immediate surround of the target was changed from black to white or vice versa. The researchers argue that the border contrasts change when the surround of the colour target is modified from white to black and they attribute the colour depth reversals to the resulting contrast difference.
Although it is predictable, based on the optical TCA model, that chromostereopsis should be possible in images, e.g. with only achromatic (grey and black) information and blue (or other colours) no study has empirically tested this hypothesis. Previous studies have always included at least two non-achromatic colours such as red and blue or red and green in the images. Hartridge in his 1950 textbook clearly states that colour depth effects are possible with only one non-achromatic colour. The following quote is taken directly from this book, "When both black and white patterns lie on a uniformly coloured background a stereoscopic effect is frequently noticed" (Hartridge, 1950, p. 103) . However, he does not study this effect directly but rather, uses the traditional blue and red colours on black to study chromostereopsis.
Recent work by Faubert (1994) has demonstrated that, under natural viewing conditions, chromostereopsis often requires more information than just TCA based disparities. It is possible to have two images with the same TCA values, where depth is perceived on one image 3161 3162 RESEARCH NOTE and not perceived in another, just by changing texture properties of the stimulus. Under these conditions, chromostereopsis could be readily perceived in relatively large targets and global interactive processes can be involved. However, it was shown that under optimal image conditions, i.e. when the image contained information which produced the most obvious depth effects for the same TCA conditions, the amplitude of the depth perceived was predictable from the amount of induced TCA. Although the amplitude of the depth perceived was predicted by the amount of induced TCA, this is not to be confused by the predicted disparity positions of the relative colours by the optical model. The optical model predicts that the red and green elements of the image have different disparity information regardless of where they are located on the image. Although this is probably the case of the optical rays, this is clearly not what is perceived in these images under natural viewing conditions exemplified by the fact that the red and green contiguous segments were generally seen on the same depth surface. The issue therefore, is not just where the different optical rays are located on the respective retinae to generate stereopsis, but also, how the visual system can maximally use or not use this information to generate three dimensional images.
Using images such as those proposed by Faubert (1994) to facilitate and optimize the detection of chromostereopsis, it was hypothesized that depth should be visible in conditions where only achromatic information and one other colour is present in an image. This was done by making assumptions about where the relative position of chromatic and achromatic components in an image should be located on the retinae and, therefore, where this information should be located in relative depth planes produced by chromostereopsis. Another important assumption presently made is the way the visual system constructs the different depth surfaces. This assumption is based on two properties demonstrated by the visual system when perceiving colour depth effects which have been previously discussed by the author (Faubert, 1994) . Firstly, it was proposed that achromatic texture information was often used by the visual system as a reference plane upon which the depth perception is constructed. It was demonstrated that, when the achromatic information was removed from the image, and the other colours were left in, the colour induced depth went from very visible to difficult (if not impossible) to perceive. Secondly, that the image information which was embedded in texture information was often perceptually dragged into the same depth plane (capture) even if the optical model predicts that they have different disparity information.
Based on the proposition that grey and black contiguous segments and the grey and blue (or red) contiguous segments in an image should be used as unique surfaces by the visual system, regardless of whether the pupil or other optical sources produce a misalignment relative to the achromatic axis, three predictions are made relative to the depth perceived in images with achromatic light and one other colour. (1) Depth should be perceivable with blue/achromatic and red/achromatic images and not require a red and blue portion simultaneously in the image. (2) The depth in the blue/achromatic images should be perceived in the opposite direction than in the red/achromatic images with identical TCA levels and identical pupillary positions relative to the achromatic axis. (3) The perceived depth should be greater for the blue/achromatic images than for the red/achromatic images.
The optical predictions are based on the model presented in Fig. 1 (a) and the outcome on the retina of the right eye is illustrated in Fig. l(b) .
As demonstrated in Fig. 1 , the action of TCA on a white light target is generally to spread this target. The optical model predicts that the contiguous grey and black portions of the stimulus are positioned between unique blue and red light rays. As argued above, it is hypothesized presently, that both the grey and black portions together will be used as a unique reference frame to construct the image.
On the other hand, the blue and red elements of the image are shifted in opposite directions relative to the achromatic elements and, consequently, should create opposite disparities for the same TCA conditions if the achromatic portion is used as the reference plane. Moreover, because the blue light rays in the presence of TCA are situated further from the reference plane than red light rays, magnitude of the perceived relative depth should be greater for a blue/achromatic than for a red/achromatic stimulus.
Examples of the visual stimuli used are presented in Fig. 2 . The stimuli were presented on a 33 cm (13 in.) Macintosh colour screen interfaced with a Macintosh Ilfx computer. A forehead and chin rest was used to immobilize the observer's head. An optical bench equipped with a measurement ruler was used. A thin steel "arrow-shaped" wire was positioned on a steel rod which could be.slid back and forth on the optical bench.
The foveal achromatic axis (Thibos, Bradley, Still, Zhang & Howarth, 1990) for each eye was determined by presenting a red and blue bar of the same chromatic components as mentioned above on the computer screen. The vertical bars were 2.0 deg high and 0.21 deg wide. They were separated by 0.21 deg and placed above and below the centre of the screen. The observer viewed the image through I mm artificial pupils at 100cm viewing distance from the screen. One of the eyes was occluded while the artificial pupil in front of the other eye was adjusted by moving it left or right to determine the foveal achromatic axis. The foveal achromatic axis was said to be reached when the red and blue bars appeared perfectly aligned. Once the axis was determined for one of the eyes, the same procedure was repeated for the other eye.
Once the axes were determined for both eyes, the artificial pupils were displaced laterally relative to these axes in a random fashion. Six different pupil positions relative to the foveal achromatic axes were used for one observer (JF), 0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 mm; and five were used for subject VD because he could not fuse the image when the pupillary distance from the foveal achromatic axis was 2.5 mm. For the red/achromatic stimulus nasal displacements (displacements towards the nose relative to the foveal achromatic axes) were used and temporal displacements were used for the blue/achromatic stimulus. The perceived depth obtained for each pupil displacement was measured five times by adjusting the position of the steel wire by sliding the support rod back and forth. The observer would tell the experimenter to move the wire back and forth until the wire appeared to be on the same depth plane as the inner square relative to the surround and then the distance of this position from the screen was recorded. The top of the wire was placed just below the inner square of the stimulus The reason for having another person move the wire back and forth was to assure that the observer would not use proprioceptive cues. Each trial would start with the wire placed in a different position.
The results for the two observers are shown in Fig. 3(a) . Figure 3 (a) clearly demonstrates that, as the pupillary distance from the foveal achromatic axis is increased, the perceived depth also increases demonstrating the role of TCA in this effect. It was also observed that the inner square of the image was perceived as moving forward with nasal displacements in the case of the FIGURE 2. Examples of stimuli used in the experiments which were originally presented on a computer screen. Because the effect is diminished when presenting the stimuli on paper, or because your pupils are perfectly aligned with your achromatic axes, you may not immediately see the effect. Depth can be facilitated if you view the image through small pupil holes and move them back and forth horizonally to change the TCA. When depth is seen, look at the red image and then the blue image without changing the pupil positions and you should see depth in the opposite direction.
red/achromatic images, and was also perceived as projected forward when temporal displacements for the blue/ achromatic images were used. When nasal displacements and blue/achromatic images or temporal displacements with red/achromatic images were used, the opposite depth effect was produced. That is, the inner square was perceived as being behind the coloured surround square on the screen. Figure 3 (a) demonstrates clearly that the perceived depth for the blue/achromatic conditions is generally greater than the red/achromatic condition.
The images presented in Fig. 2 have been shown to many observers under natural viewing conditions and many of these reported seeing depth. Furthermore, when depth was perceived in both images, the observers reported that the relative depth in the images was in opposite directions for the blue/achromatic images and the red/achromatic images and many reported that the perceived depth was greater for the blue/achromatic than the red/achromatic images. Another important point is that the black and grey contiguous elements are always perceived as being on the same depth plane, supporting the notion that the brain constructs these elements into only one surface even if the optical model predicts that they have two different disparity values.
The colours generated in the present study were broadband, thus containing other chromatic information, and the achromatic information was composed of the same blue and red elements in addition with a green element [see Fig. 3(b) ]. The results obtained under these conditions suggest that the visual system uses the matching dominant wavelengths in broadband colour images to establish stereoscopic correspondence.
It is important to realize that what is proposed in the present study and in a previous paper by the same author on colour depth effects (Faubert, 1994) is that optical and perceptual factors are closely intertwined in these phenomena. Neither the optical factors nor can the perceptual factors be taken in isolation to completely explain the colour depth effects described. In these studies, a number of concepts have been raised such as the notion of reference plane, perceptual integration time, capture, texture element characteristics etc. These notions attest to the fact that perceiving depth in colour images is a multifaceted problem which must be viewed in a global context in order to fully appreciate these phenomena.
An interesting extension of the optical model predictions is that the grey and black contiguous segments have different disparity information as demonstrated in Fig. 1 . The fact that this kind of achromatic texture information is never seen as having depth information leads us to two speculations. The first possible explanation is that, because the disparity difference between the grey and black elements is very small, the visual system cannot resolve the difference, or even if the visual system is theoretically capable of detecting the difference, it nevertheless will perceive only one surface a phenomenon known as pyknostereopsis (Tyler, 1991) . Although this explanation is quite plausible it is not totally satisfactory because, as demonstrated previously, red and green contiguous elements are generally perceived on the same depth plane in natural viewing conditions even if they are quite efficient in producing stereopsis in other parts of the same image. The answer to these questions can possibly lie on how the visual system constructs the different surfaces. One possibility is that the brain generally attempts to construct solid surfaces to make sense of an image with depth information. The visual system may bias against perceiving transparent static images because such images are generally not present in a natural environment. However, under extreme TCA conditions when the disparity between colours is very large, such as when prisms are used, transparent surfaces can be perceived in colour images. Perhaps there is a constant struggle between the visual system's natural tendency to construct solid surfaces in depth and the amount of disparity information available in an image.
In the studies by the present author related to colour depth effects, the question of how we perceive such effects in natural environments is always an underlying concern. An extension of this concern involves the following questions: what, if any, is the use of this type of effect in nature? Can animals perceive colour depth effects? If so, do predators use this perception to identify preys or do the preys themselves have colour characteristics which can help their disguise? It is clear that many animals have some of the basic requirements in order to perceive such effects, i.e. they have chromatic dispersion (Kreuzer & Sivak, 1985) and binocular vision (Smythe, 1975) . What is not clear however, is how much TCA is present in different animals types, in any case, it strikes me as quite plausible that animals can perceive colour depth effects and that this can in some way be incorporated into the different behavioural schemes which have evolved over the years. An example of a very strong effect which I have observed, involves several types of butterflies which have very distinct circle marks on the bottom and sides of the wings which may appear as two eyes which can be used as some form of camouflage. What is striking is that these spots can actually appear as being forward or receding in depth giving a remarkable effect of protruding or receding eyes. The colour depth effect is clearly involved because the perceived depth from these markings can be reversed or eliminated by displacing artificial pupils nasally or temporally in front of the eyes. I have observed this with the Precis type of butterflies (Precis rhadama, Precis orythia and Precis Clelia) and with the Megistanesjapetous butterfly.
Here is a possible example where natural selection may have developed these colour and texture schemes because it was particularly efficient at producing the illusion of protruding or receding eyes of a much larger organism than the actual butterfly and, as a consequence, keep potential predators at bay.
In conclusion, more research is needed in both optical and perceptual aspects to understand the phenomenon in its entirety and to elucidate the whole range of visual experiences produced in colour depth effects under natural viewing conditions. Future research will also focus on the role of colour and texture patterns which have evolved in the environment, and what may be the role of such arrangements in the behavioural schemes of the different organisms involved.
